Loss of fibroblast growth factor-23 (FGF23) causes hyperphosphatemia, extraskeletal calcifications, and early mortality; excess FGF23 causes hypophosphatemia with rickets or osteomalacia. However, FGF23 may not be important during fetal development. FGF23 deficiency (Fgf23 null) and FGF23 excess (Phex null) did not alter fetal phosphorus or skeletal parameters. In this study, we further tested our hypothesis that FGF23 is not essential for fetal phosphorus regulation but becomes important after birth. Although coreceptor Klotho null adults have extremely high FGF23 concentrations, intact FGF23 was normal in Klotho null fetuses, as were fetal phosphorus and skeletal parameters and placental and renal expression of FGF23 target genes. Pth/Fgf23 double mutants had the same elevation in serum phosphorus as Pth null fetuses, as compared with normal serum phosphorus in Fgf23 nulls. We examined the postnatal time courses of Fgf23 null, Klotho null, and Phex null mice. Fgf23 nulls and Klotho nulls were normal at birth, but developed hyperphosphatemia, increased renal expression of NaPi2a and NaPi2c, and reduced renal phosphorus excretion between 5 and 7 days after birth. Parathyroid hormone remained normal. In contrast, excess FGF23 exerted effects in Phex null males within 12 hours after birth, with the development of hypophosphatemia, reduced renal expression of NaPi2a and NaPi2c, and increased renal phosphorus excretion. In conclusion, although FGF23 is present in the fetal circulation at levels that may equal adult values, and there is robust expression of FGF23 target genes in placenta and fetal kidneys, FGF23 itself is not an important regulator of fetal phosphorous metabolism. (Endocrinology 158: 252-263, 2017) F ibroblast growth factor-23 (FGF23) is a hormone produced by osteocytes and osteoblasts, which acts on distant tissues to regulate the supply of phosphorus at the bone surface (1). Its main actions occur in the kidneys, wherein FGF23 downregulates expression of sodiumphosphate cotransporters 2a and 2c (NaPi2a and NaPi2c) in the proximal renal tubules, thereby increasing excretion of phosphorus (2). FGF23 also inhibits renal expression of 1-a-hydroxylase (Cyp27b1) and increases expression of 24-hydroyxlase (Cyp24a1), which together reduce the circulating concentration of calcitriol (2). Within the intestines, FGF23 reduces dietary phosphorus absorption indirectly through its actions to lower serum calcitriol, and directly by inhibiting expression of NaPi2b (2). The sum of these actions is that serum phosphorus is lowered. FGF23 also acts on the parathyroid glands to inhibit parathyroid hormone (PTH), which contributes to lowering serum calcitriol (3, 4). High serum phosphorus and calcitriol are potent stimuli for FGF23 synthesis and release, whereas PTH modestly stimulates FGF23 (3, 4). A phosphorus-sensing receptor is likely expressed by osteoblasts and osteocytes to explain the responsiveness of FGF23 to changes in serum phosphorus; a candidate sensor in eukaryotic cells has recently been identified (5).
F ibroblast growth factor-23 (FGF23) is a hormone produced by osteocytes and osteoblasts, which acts on distant tissues to regulate the supply of phosphorus at the bone surface (1) . Its main actions occur in the kidneys, wherein FGF23 downregulates expression of sodiumphosphate cotransporters 2a and 2c (NaPi2a and NaPi2c) in the proximal renal tubules, thereby increasing excretion of phosphorus (2) . FGF23 also inhibits renal expression of 1-a-hydroxylase (Cyp27b1) and increases expression of 24-hydroyxlase (Cyp24a1), which together reduce the circulating concentration of calcitriol (2) . Within the intestines, FGF23 reduces dietary phosphorus absorption indirectly through its actions to lower serum calcitriol, and directly by inhibiting expression of NaPi2b (2) . The sum of these actions is that serum phosphorus is lowered. FGF23 also acts on the parathyroid glands to inhibit parathyroid hormone (PTH), which contributes to lowering serum calcitriol (3, 4) . High serum phosphorus and calcitriol are potent stimuli for FGF23 synthesis and release, whereas PTH modestly stimulates FGF23 (3, 4) . A phosphorus-sensing receptor is likely expressed by osteoblasts and osteocytes to explain the responsiveness of FGF23 to changes in serum phosphorus; a candidate sensor in eukaryotic cells has recently been identified (5) .
Genetic disorders that lead to loss or excess of FGF23 have illuminated the physiological importance of this phosphotrophic hormone. Loss of FGF23 activity reduces urine phosphorus excretion, increases serum calcitriol, and increases intestinal phosphorus absorption, thereby leading to hyperphosphatemia, extraskeletal calcifications, and early mortality (6) (7) (8) . Despite PTH's actions to lower serum phosphate by suppressing renal NaPi2a and NaPi2c expression, PTH is unable to correct hyperphosphatemia caused by absence of FGF23, perhaps due to the effect of high serum calcitriol to suppress PTH. Loss of FGF23's coreceptor Klotho leads to a similar phenotype of hyperphosphatemia and reduced renal phosphorus excretion, confirming the critical role of Klotho to mediate FGF23's actions to regulate phosphate metabolism (6) (7) (8) (9) . Excess FGF23 activity causes the opposing effects of increased renal phosphorus excretion, low calcitriol, normal to low PTH, and low intestinal phosphorus absorption, thereby leading to hypophosphatemia, myopathy, and impaired mineralization of bone (rickets or osteomalacia) (6, 8, 9) .
The preceding summary refers to established actions of FGF23 in young and adult humans and mice. In contrast, normal fetal phosphorus metabolism shows significant differences from the adult (10) . Mammalian fetuses are hyperphosphatemic; human fetuses have cord blood phosphorus concentrations approximately 0.5 mmol/l higher than the maternal value (10) . Phosphorus is actively transported across the placenta and this likely contributes to its high concentration in the fetal circulation (10) . In turn, phosphorus regulates endochondral bone development by inducing apoptosis of hypertrophic chondrocytes (11, 12) and by being laid down in osteoid before calcium binds to it (11, 13, 14) . Consequently, high or low serum phosphorus will conceivably disrupt the formation and mineralization of the endochondral skeleton in utero. PTH and PTH-related protein (PTHrP) each regulate phosphorus to some extent, as we have previously reported that loss of parathyroids, or the genes encoding either PTH or PTHrP, lead to an increase in fetal serum phosphorus above normal values (15) (16) (17) (18) . However, neither PTH or PTHrP regulate placental phosphorus transport (10) . Calcitriol may not be an important regulator of fetal phosphorus metabolism because serum phosphorus, PTH, skeletal development, and mineralization were normal in fetuses that lacked the vitamin D receptor (19, 20) .
Because FGF23 plays an important role in regulating phosphorus metabolism in children and adults, it was expected to be of similar importance during fetal development. FGF23 is predominantly expressed in fetal rat osteoblasts, as well as in thymus, liver, and kidney (21); we have also found a low level of expression in murine placenta (22) . Intact FGF23 concentrations range from equal to or lower than the maternal concentration in wild-type (WT) fetuses (22, 23) , whereas limited data have shown low intact but high C-terminal FGF23 concentrations in human cord blood (24) (25) (26) . Murine fetal kidneys and placenta each abundantly express Klotho, FGF receptor subtypes 1 through 4, and the main targets of FGF23 action that include NaPi2a, NaPi2b, NaPi2c, Cyp27b1, and Cyp24a1 (22) . Human trophoblasts express Cyp27b1, Cyp24a1, and Klotho, whereas cord blood levels of soluble Klotho are about sixfold higher than adult and neonatal values (10, 25) . Surprisingly, we found that loss of FGF23 (in Fgf23 null fetuses, a model of hereditary hyperphosphatemic tumor calcinosis) and excess FGF23 (in Phex null male fetuses, a model of X-linked hypophosphatemic rickets) each failed to disturb key physiological parameters of phosphorus homeostasis (22) . These included serum phosphorus, calcium, PTH, renal excretion of phosphorus into amniotic fluid, placental phosphorus transport, skeletal morphology, skeletal content of phosphorus, and expression of NaPi2a, NaPi2b, NaPi2c, and Cyp27b1 within placenta and kidneys (22) . Loss of FGF23 did cause a modest 40% reduction in renal expression of Cyp24a1 but no change in serum calcitriol, whereas high levels of FGF23 in Phex mutants caused an increase in placental and renal Cyp24a1 expression and a modest reduction in serum calcitriol (22) . However, these changes in gene expression were minor in the context that whole animal phosphorus metabolism and skeletal development appeared undisturbed. A second group independently confirmed that high levels of FGF23 in Phex null male fetuses caused no change in fetal serum phosphorus, despite increased renal and placental expression of Cyp24a1 and reduced calcitriol (23) . The resilience of the fetal-placental unit to obtain phosphorus was evident by comparing offspring of WT mothers mated to Phex null males and Phex +/2 mothers mated to WT males; the low serum phosphorus in Phex +/2 mothers did not affect serum phosphorus or FGF23 level in the respective fetal genotypes (22) .
In this study, we further tested our hypothesis that FGF23 is not essential for fetal phosphorus regulation but becomes important after birth. We did so by first examining Klotho null fetuses: If an FGF family member compensates for loss of FGF23 during fetal development, then fetuses lacking the essential coreceptor Klotho should display disturbances in phosphorus metabolism that are not found in Fgf23 null fetuses. Conversely, if our prior findings in Fgf23 null fetuses mean that FGF23 is not required for fetal phosphorus metabolism, then Klotho null fetuses should display normal parameters of phosphorus metabolism. We created Fgf23/Pth double-mutants to determine if loss of FGF23 potentiated the effect of hypoparathyroidism to cause hyperphosphatemia and reduced skeletal mineral content. We then determined the postnatal time frame in which loss of FGF23 or Klotho, or high levels of FGF23, begin to disturb serum phosphorus, renal phosphorus excretion, serum PTH, and renal expression of NaPi2a or NaPi2c.
Materials and Methods

Animal husbandry
The engineering of Fgf23, Klotho, and Pth gene deletion models have been previously described (27) (28) (29) . C57BL/6-Phex Hyp-2J /J (Phex) mice were purchased from Jackson Laboratory (Bar Harbor, ME). Fgf23, Klotho, and Phex mice were kept in a C57BL/6 background, whereas Pth mice were maintained in a Black Swiss background. Each colony was maintained by breeding heterozygous-deleted mice together, and periodically back-crossed to the respective parent strain. Genotyping of Fgf23, Phex, Klotho, and Pth fetuses was done by polymerase chain reaction (PCR) on DNA extracted from tail clips using previously described primer sequences (22, 28, 30, 31) . The Phex genotyping required 3 separate reactions including sex determination, as previously detailed (22) . Doubly-heterozygous mice (Fgf23 +-/ Pth +/2 ) were generated by cross-breeding heterozygotes from the respective colonies.
Mice were mated overnight; the presence of a vaginal mucus plug on the morning after mating marked embryonic day (ED) 0.5. Normal gestation is 19 days. Fetal analyses were done at ED 18.5 unless otherwise specified. Adult mice were given a standard chow (1% calcium, 0.75% phosphorus) diet and water ad lib. The Institutional Animal Care Committee of Memorial University of Newfoundland approved all procedures involving live animals.
Chemical and hormone assays
Serum and amniotic fluid were collected using methods previously described (15, 32) . Calcium and phosphorus were analyzed using colorimetric assays (Sekisui Diagnostics PEI Inc., Charlottetown, PE, Canada). Enzyme-linked immunosorbent assays were used to measure PTH 1-34 (Immutopics, San Clemente, CA), calcitriol (Immunodiagnostic Systems Ltd., Boldon, Tyne and Wear, UK), and intact FGF23 (Kainos, Japan). Any values that appeared to be below the assay sensitivity were reset to values that equaled the respective assay's detection limit.
Placental phosphorus transfer
We used an adaptation of the placental calcium transport methodology (22, 32) . Briefly, on ED 17.5 pregnant dams were given an intracardiac injection of 50 mCi 32 P and 50 mCi 51 Cr-EDTA (EDTA is passively transferred and serves as a blood diffusional marker). Five minutes later, the fetuses were removed and later solubilized. The 32 P and 51 Cr activity within each fetus was separately measured using a liquid scintillation counter and a g-counter, respectively. Each fetal 32 P/ 51 Cr value was normalized within its litter to the mean heterozygous value in order that the aggregate results from different litters could be analyzed. The 32 P activity alone was also analyzed after normalizing within each litter.
Fetal ash and skeletal mineral assay
As previously described (16) , intact fetuses (ED 18.5) were reduced to ash in a furnace (500°C 324 hours). A Perkin Elmer 2380 Atomic Absorption Flame Spectrophotometer (PerkinElmer, Guelph, ON, Canada) assayed the calcium, phosphorus, and magnesium content of the ash.
Histology
Undecalcified fetal tibias were fixed in 10% buffered formalin, dehydrated in graded alcohol series, and embedded in paraffin. Von Kossa staining was performed on 5-mm deparaffinized sections using 1% aqueous silver nitrate solution, 45 minutes of exposure to bright light, and counter stain of 2% methyl green.
RNA extraction and real-time quantitative reverse transcription-PCR (qPCR)
Kidneys and placentas were snap-frozen in liquid nitrogen. Total RNA was purified using the RNeasy Mini Lipid Kit for kidneys and the RNeasy Midi Lipid Kit for placentas (Qiagen, Toronto, ON, Canada). RNA quantity and quality was confirmed with the Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA). We used TaqMan ® Gene Expression Assays (with the manufacturer's predesigned primers and probes for optimal amplification) and Fast Advanced Master Mix from Applied BioSystems (ABI)/Life Technologies (Burlington, ON, Canada) to determine expression of Cyp27b1, Cp24a1, Fgf23, Klotho, and FGF receptors 1 through 4 (Fgfr1-Fgfr4). Details of conditions and cycle times have been previously reported (17, 33, 34) . Briefly, cDNA was synthesized using the Taqman ® High Capacity cDNA Reverse Transcription Kit (ABI), and singleplex qPCR reactions were run in triplicate on the ViiA™ 7 Real-Time PCR System (ABI) (17, 19) . The minimum sample size was 5 for each genotype (WT and null). Relative expression was determined from the threshold cycle (C T ) normalized to the reference genes.
Microarray
RNA was analyzed at The Centre for Applied Genomics, Hospital for Sick Children (Toronto, ON, Canada) using the Mouse Gene ST 1.0 Array (Affymetrix, Santa Clara, CA). Raw data were normalized in R version 3.2.1 (R Foundation for Statistical Computing, Vienna, Austria) using the robust multiarray average algorithm (35) . Differentially expressed genes were identified using the local-pooled-error test (36) . False discovery rate (37) was set at 0.01 such that genes with adjusted P values , 0.01 were considered to be statistically significant.
Neonatal studies
Neonatal studies were carried out after spontaneous deliveries on postnatal days 1 (less than 12 hours after birth), 3, 5, 7, and 10 in pups obtained from Fgf23 +/2 and Klotho +/2 dams, whereas day 10 was omitted for pups obtained from Phex +/2 mothers. Serum was collected into a capillary tube after incising the neck, similar to fetal blood collection. The pelvis was opened to reveal the bladder, which was removed intact and transferred to a clean 0.6 mL tube. Within that tube, the bladder was pierced to free the urine; the bladder tissue was then discarded. The kidneys were harvested and snap frozen. Kidneys and urine were analyzed from the days in which serum phosphorus first became abnormal in the respective colonies.
Statistical analysis
Data were analyzed using StatPlus:Mac Professional 2009, Build 6.0.3 (AnalystSoft Inc, Vancouver, BC, Canada). Analysis of variance was used for analysis of biochemical, transport, and ash data, with a post hoc test to determine which pairs of means differed significantly. Data are reported as mean 6 standard error. The qPCR data were analyzed by the comparative C T method (DC T ) (38) , with 2-tailed probabilities reported as mean 6 standard deviation.
Results
Phenotype of Klotho null fetuses
Loss of a receptor or coreceptor (such as Klotho) can lead to a compensatory increase in the concentration of the ligand; a .1,000-fold increase in intact FGF23 has been reported in postnatal Klotho null mice (3, 39, 40) . However, we found that intact FGF23 was no different among WT, Klotho
, and Klotho null fetuses [ Fig. 1(A) ]. The intact FGF23 value in WT fetuses was ;25% of the maternal value, and is similar to what we have observed in prior studies in the inbred C57BL/6 background (22) . Conversely, in the outbred Black Swiss background, fetal intact FGF23 levels were similar to maternal values (22) .
Loss of Klotho did not alter serum phosphorus and calcium, and amniotic fluid phosphorus and calcium [ Fig. 1 Cr accumulated in each fetus after 5 minutes, was no different among the fetal genotypes [ Fig. 1(H) ]. WT and Klotho null fetuses were indistinguishable by visual appearance at birth and could only be identified by PCR genotyping, which also maintained the blinding of the experiments and subsequent analyses. The tibias had normal lengths, morphology, and mineralization pattern at the microscopic level [ Fig. 2(A) ]. The mineral content was quantified by reducing intact fetuses to ash and then measuring the mineral content of that residue. There were no differences in skeletal ash weight, phosphorus, calcium, or (not shown) magnesium content [ Fig. 2(B-D) ].
We also examined the expression of Klotho and FGF23 target genes in placentas and kidneys from WT and Klotho null fetuses. WT placentas and kidneys showed robust expression of Klotho that was absent in respective Klotho null tissues (Table 1) . NaPi2a, NaPi2b, NaPi2c, Cyp27b1, Cyp24a1, and Fgfr1-Fgfr4 were each expressed within placentas, with NaPi2b displaying the most abundant expression (lower C T value) among the sodium-phosphate cotransporters. No differences were evident between WT and Klotho null placentas in any of these genes (Table 1) . A very low level of expression of Fgf23 (near the limit of detection) was evident in WT and Klotho null placentas; we previously confirmed this as a true signal by comparing WT to Fgf23 null placentas (22) . There were also no differences in any of the FGF23 target genes that were well expressed by WT and Klotho null kidneys (Table 1) . Unlike the prior finding that Fgf23 null kidneys had decreased expression of Cyp24a1, it was normal in Klotho null kidneys.
Because (Fig. 3) .
Microarray on Fgf23 and Phex null male placentas
To further confirm that loss of FGF23 or high levels of FGF23 did not importantly alter placental gene expression (apart from changes in Cyp24a1 expression), genomewide microarray analyses were carried out on Fgf23 null and Phex null male placentas, and compared with WT placentas. No significant changes in gene expression were noted between Phex null male and WT placentas, or between Fgf23 null and WT placentas. Postnatal studies in Fgf23, Phex, and Klotho null pups Because Fgf23 null, Klotho null, and Phex null male fetuses each displayed normal phosphorus parameters immediately prior to birth, we investigated when the mutants become abnormal after birth.
In Fgf23 null pups, serum phosphorus became significantly increased by day 7 after delivery [ Fig. 5(A) , left panel]. This development was accompanied on that same day by a significant increase in renal NaPi2a and NaPi2c expression [ Fig. 5(A) , middle panel], and a modest but significant reduction in renal phosphorus excretion [ Fig. 5(A), right panel] . PTH did not differ between genotypes at any time point [ Fig. 6(A) ]. Conversely in Phex null male pups, which have markedly increased circulating FGF23 (22) , phosphorus metabolism became abnormal within approximately 12 hours of delivery (i.e., on day 1 postnatal). The changes included reduced serum phosphorus, reduced renal expression of NaPi2a and NaPi2c, and significantly increased renal phosphorus excretion [ Fig. 5 
(C)]
In all 3 mutant models, NaPi2b expression persisted in neonatal kidneys but was unaltered compared with respective WT (not shown).
Discussion
In our prior study we rigorously tested FGF23's potential role in fetal phosphorus regulation by comparing its absence to its excess, specifically Fgf23 null and Phex null male fetuses and placentas, as well as their respective WT littermates. We found that neither loss of FGF23 nor increased circulating concentrations of FGF23 caused any significant disturbances in phosphorus metabolism, apart from a modest reduction in renal Cyp24a1 expression in Fgf23 null fetuses that did not alter serum calcitriol, and a significant increase in renal Cyp24a1 expression that led to a small decrease in serum calcitriol in Phex null male fetuses.
In the current study, we examined whether loss of FGF23's coreceptor Klotho alters fetal-placental phosphorus metabolism. We found that Klotho null fetuses had normal serum phosphorus, calcium, PTH, calcitriol, and amniotic fluid content of phosphorus and calcium. Skeletal lengths and morphology, mineralization, ash weight, and ash content of phosphorus, calcium, and magnesium, were all normal. Placental 32 P phosphorus transport was no different among the fetal genotypes. Apart from confirming absence of Klotho in Klotho null placentas and kidneys, qPCR revealed no changes in relative expression of potential FGF23 target genes (NaPi2a, NaPi2b, NaPi2c, Cyp27b1, Cyp24a1, and Fgfr1-Fgfr4) in placentas or kidneys of Klotho null compared with WT. We also examined Fgf23/Pth double mutant fetuses and found that whereas loss of PTH had its previously established effect to cause hyperphosphatemia and reduced skeletal calcium content (17), loss of FGF23 had no effect, either alone or in combination with loss of PTH. Collectively, these findings confirm that neither FGF23 nor Klotho are required to regulate fetal phosphorus homeostasis, placental phosphorus transport, or skeletal development. This is in sharp contrast to the critical role that FGF23 plays in regulating phosphorus and skeletal metabolism in the adult and child. We further investigated all 3 models (Fgf23 null, Klotho null, and Phex null male) to determine when absence or excess of FGF23's actions begin to cause detectable disturbances in phosphorus outcomes. Fgf23 null and Klotho null pups showed consistent results of normal serum and urine phosphorus for several days after birth. By day 5 postnatal in Klotho nulls, and day 7 postnatal in Fgf23 nulls, the serum phosphorus became increased, whereas the urine phosphorus showed a slight decrease that was statistically significant in Fgf23 nulls but not significant in Klotho nulls. Due to small obtainable urine volumes it was not possible to measure the creatinine concentration; the lack of correction for creatinine likely increased the variability of urine phosphorus results. This apparent reduction in renal phosphorus excretion was accompanied in both genotypes by increased renal expression of NaPi2a and NaPi2c, which was not present at ED 18.5. There was no compensatory increase by PTH when FGF23 or Klotho was absent.
In contrast to the slow emergence of hyperphosphatemia in Fgf23 null and Klotho null pups, excess FGF23 in Phex null males caused a reduction in serum phosphorus and a significant increase in urine phosphorus within 12 hours after birth. This was accompanied by reduced renal expression of NaPi2a and NaPi2c, as compared with no difference 24 hours earlier (ED 18.5). The early onset of the Phex null male phenotype shows that the neonatal kidneys are responsive to FGF23. The delayed onset of the Fgf23 null and Klotho null phenotypes was not due to compensatory secondary hyperparathyroidism.
The similar phenotype of Fgf23 null and Klotho null fetuses supports that Klotho mediates the actions of FGF23 as it does in adults, and that no other FGF family members compensate for absence of FGF23 during fetal life. Klotho nulls appeared to have an earlier onset of hyperphosphatemia (day 5 vs day 7) but whether this is a real or chance difference from the Fgf23 null phenotype is not certain; day 6 postnatal was not assessed. A possible difference in the fetal phenotype between the 2 models was the earlier finding of modestly reduced expression of Cyp24a1 in Fgf23 null in fetal kidneys (22) , as compared with its normal expression in Klotho null kidneys. This might be an indication of a Klotho-independent action of FGF23 to regulate renal Cyp24a1 expression in utero. However, upon repeat assessment with new placentas from WT and Fgf23 nulls, and a larger sample size, we found Cyp24a1 expression was not reduced. Therefore, it appears that neither the absence of FGF23 or Klotho alter the expression of Cyp24a1, which is consistent with the lack of change in serum calcitriol in both genotypes.
Neonatal phosphorus metabolism was not extensively investigated in prior rodent studies. One report found Figure 5 . Postnatal changes in serum phosphorus, renal expression of sodium-phosphate cotransporters, and urine phosphorus excretion among Fgf23, Klotho, and Phex mutant colonies. (A) After an interval of normal serum phosphorus, Fgf23 null mice became hyperphosphatemic by day 7 after birth (left panel), and on that day renal expression of NaPi2a and NaPi2c (middle panel) were significantly increased, whereas renal phosphorus excretion (right panel) was modestly but significantly reduced. (B) Klotho null mice developed hyperphosphatemia by day 5 after birth (left panel), and this coincided with increased renal expression of NaPi2a and NaPi2c (middle panel), and a trend for reduced renal phosphorus excretion (right panel). In contrast to the delayed effects that loss of FGF23 and Klotho have on postnatal phosphorus metabolism, (C) the effects of high levels of FGF23 in Phex null males are shown. Reduced serum phosphorus developed within 12 hours after birth (left panel), accompanied by reduced renal expression of NaPi2a and NaPi2c (middle panel), and increased renal phosphorus excretion (right panel). In all 3 mutant models, there was no change in renal NaPi2b expression at any time point (not shown). The numbers of observations are indicated in parentheses. mM, mmol/L. doi: 10.1210/en.2016-1369 press.endocrine.org/journal/endothat Fgf23 null pups were hyperphosphatemic on day 10 (41), and we have established that the disturbance begins by day 7. Phex null male mice were found to have normal serum phosphorus but increased PTH over the first 48 hours after birth, after which phosphorus became low and PTH normalized (42) . We have found that within 12 hours after birth, excess FGF23 in Phex null male fetuses causes low serum phosphorus, increased renal phosphorus excretion, and reduced expression of NaPi2a and NaPi2c. Immediately prior to birth, serum phosphorus, renal phosphorus excretion into amniotic fluid, and renal expression of NaPi2a and NaPi2c, are all normal in Phex null male fetuses (22) . There have been no systematic studies of serum phosphorus or urine phosphorus excretion in human babies that are homozygous for mutations that lead to loss of biologically active FGF23 or Klotho; this is because their autosomal recessive inheritance leads to unexpected, sporadic appearance of affected offspring. However, the condition has presented as early as 18 days after birth with a calcific mass and hyperphosphatemia (43, 44) . Whether serum phosphorus is normal at birth is not known but our studies in Fgf23 and Klotho null fetal mice suggest that phosphorus will be normal in cord blood of babies that have null mutations in FGF23, KLOTHO, and other genetic causes of hyperphosphatemic tumor calcinosis. In the opposite condition of FGF23 excess, such as occurs in X-linked hypophosphatemic rickets (XLH) due to a null mutation in PHEX, a positive family history of the condition has led to earlier diagnosis of affected babies. XLH can be diagnosed during the first year when family history leads to early detection of hypophosphatemia (45); otherwise, sporadic cases present later at 2 or 3 years of age with skeletal abnormalities (bowing of the long bones, growth failure, or short stature) (46) (47) (48) . In 4 reported cases in which a family history of XLH led to early surveillance, serum phosphorus was low in all 4 between 2 and 6 weeks of age (45) . Tubular reabsorption of phosphorus was reduced at 9 days of age in 1 affected baby but normal until 6 months in the others (45) . Radiographic evidence of rickets began to appear between 3 and 6 months of age (45) . These human data are consistent with phosphorus metabolism being normal at birth in XLH, as it is in Phex null male mice.
In the experiments reported in this paper, the pregnant mouse was heterozygous for the mutation, which conceivably could potentially influence the fetal phenotype. In our prior study (22) we also studied WT mothers and found that neither the maternal serum phosphorus (reduced in Phex +/2 mothers and modestly increased in Why does loss of FGF23 or Klotho, or excess FGF23, fail to significantly alter fetal parameters of renal phosphorus excretion, serum phosphorus, placental phosphorus transport, and skeletal phosphorus content? A key factor is the placenta's role to actively transport phosphorus and other minerals from the maternal circulation. This function is clearly not dependent upon FGF23, because neither loss of FGF23 nor Klotho altered placental phosphorus transport or the expression of any of the sodium-phosphate cotransporters. Postnatally, FGF23 acts primarily on the kidneys and to a lesser extent on the intestines to regulate phosphorus metabolism. But during fetal development the kidneys and intestines provide only a trivial route for mineral exchange, through amniotic fluid that is swallowed, absorbed, and then excreted again by the kidneys. Any phosphorus excreted by the fetal kidneys can be recycled after swallowing the amniotic fluid, and the magnitude of flux of phosphorus across the fetal kidneys is dwarfed by the magnitude of phosphorus exchange across the placenta. Additional studies have demonstrated that fetal kidneys have reduced glomerular filtration rate and blood flow compared with the neonate, and that maturational changes in these parameters after birth lead to an improved ability to reabsorb and excrete minerals (10) .
The normally low concentrations of intact FGF23 in fetal mice of the C57BL/6 background may also be contributing to why absence of FGF23 or Klotho has no effect; in other words, low concentrations of FGF23 in normal fetal mice may imply that FGF23 is relatively unimportant for fetal mineral homeostasis. However, we found that fetal mice in the Black Swiss background have intact FGF23 concentrations equal to the maternal value (22) , and another study found fetal intact FGF23 concentrations to equal maternal values in the C57BL/6 background (23). Moreover low levels of FGF23 in normal fetuses aren't the sole explanation for why FGF23's absence has no effect, because absence of Klotho did not disturb fetal serum FGF23 concentrations, whereas it led to 1000-to 5000-fold higher levels in neonates and adults (3, 39, 40) . Taken together with the fact that high levels of FGF23 did not disturb fetal phosphorus parameters but begin to do so within 12 hours after birth, it is clear that the fetal-placental unit is unresponsive to FGF23 or loss of Klotho. The microarray studies in placentas of WT, Fgf23 null, and Phex null male placentas revealed no evidence of compensatory changes in phosphate-regulating or other genes. The lack of change in the phosphotrophic hormone PTH is further evidence that compensatory changes do not occur during fetal development when FGF23 or Klotho are absent, or when FGF23 excess is present. In a real sense, the fetus does not care about the loss of FGF23 signaling, nor about excess FGF23 signaling, whereas the neonate is adversely affected.
Our experiments do not rule out the potential importance of the sodium-phosphate cotransporters in regulating placental phosphorus transport, because their expression was normal in Klotho null, Fgf23 null, and Phex null male placentas. Instead, factors other than FGF23 must be regulating their expression during normal fetal development. Napi2b null mice die at midgestation (49) , but whether this is due in part to altered placental phosphorus transport is unknown.
Overall, our results confirm that absence of Klotho or FGF23 do not disturb fetal phosphorus metabolism, nor does excess FGF23 significantly affect fetal phosphorus metabolism either (apart from a modest reduction in serum calcitriol). It is only after birth that disturbances in FGF23 signaling begin to significantly alter phosphorus homeostasis. Excess FGF23 exerts its effects as early as 12 hours after birth, whereas loss of Klotho or FGF23 have no effect until 5 to 7 days after birth. Our results predict that human babies with abnormalities of FGF23 signaling will be normal at birth, with disturbances in phosphorus metabolism beginning over the days to weeks or months after birth.
In conclusion, although intact FGF23 is present in the fetal circulation at levels that range from low to equal to adult values, and there is robust expression of FGF23 target genes in placenta and kidneys, FGF23 itself is not an important regulator of fetal phosphorous metabolism. Instead, factors other than FGF23 must dominate to regulate the transport of phosphorus across the placenta, and the expression of the sodium-phosphate cotransporters. The magnitude of phosphorus delivery across the placenta may override any effects that absence of FGF23 or Klotho, or excess of FGF23, might otherwise have on fetal kidneys. It is in the hours to days after loss of the placental phosphorus pump that FGF23 becomes an important regulator of renal phosphorus excretion and intestinal phosphorus absorption.
